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FACTORS RELATING TO THE VIRULENCE OF STAPHYLOCOCCI.
1. Comparative Studies on Two Colonial Varifnts**
While considerable information is available regarding microbial factors
which correlate with virulence of other gram positive cocci, the features
which characterize "pathogenicity" among strains of staphylococci remain
poorly defined. The observation by Hunt and Moses' that the Smith strain
of Staphylococcus aureus produced two colonial variants which differed
sharply in their pathogenicity for mice seemed to afford a unique experi-
mental model in which to study factors associated with virulence among
staphylococci.
The present paper deals with a comparison of the biologic properties
of the two Smith strain variants and the infections they produce in mice.
These observations suggest that the "diffuse" colonial variant possesses
antigenic components not shared by the "compact" colonial variant. These
components prevent or retard phagocytosis. This property appears to have
important bearing on the establishment of experimental staphylococcal
disease in these animals.
MATERIALS AND METHODS
Smith strain. This strain of Staphylococcus aureus was isolated from
a patient with osteomyelitis in 1930 and has been maintained in the
laboratory of Dr. Rene J. Dubos because of its consistent pathogenicity
for mice. It was lysed by bacteriophages 44A and 42E and has been
frequently utilized in experimental studies of staphylococcal disease.'` It
is known in some laboratories as Staphylococcus aureus 235.
Variants of the Smith strain. The two colonial variants of the Smith
strain were originally characterized by Hunt and Moses.1 When cultures of
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the Smith strain are grown in plasma or serum soft agar prepared as
described by Finkelstein and Sulkin,' both round, "compact" colonies
and "diffuse," comet-shaped colonies are seen (see Figure 1). Pure cultures
of these two variants were obtained from Dr. George Hunt of Bristol
Laboratories, Syracuse, New York in 1958 and have been maintained
on agar slants at 40 C. with periodic transplantation. While the compact
variant was originally lysed by bacteriophage 44A, neither variant is
now lysed by the 28 bacteriophages of Blair and Carr.'
The soft agar reaction was used to check the purity of the cultures of
the Smith variants in all experiments.
Giorgio strain. This strain of Staphylococcus aureus has been previously
described.'0 It was coagulase positive and produced large amounts of alpha
hemolysin.
Antibiotic sensitivity tests. Antibiotic sensitivities of the two Smith
strain variants were determined using twofold serial dilutions in beef
heart infusion broth. Antibiotic standards were kept frozen at 200 C. and
checked against previously established standard test microorganisms before
they were utilized. One-half ml. of a 104 dilution of an 18 hour culture of
the microorganism to be tested was used as the inoculum. The end point
was read as the last tube which showed no visible growth after 24 hours
incubation at 370 C.
Coagulase titrations. Quantitative coagulase titrations were performed as
described by Yotis and Ekstedt.' The end point was taken as the last tube
which showed any trace of fibrin clot and was expressed as the reciprocal
of the dilution of culture supernate in that tube.
Slide coagulase tests. These tests were run as described by Elek.'
Formation of visible clumps within 15 seconds was considered a positive
test.
Demonstration of hemolysins. The literature on the number of dis-
tinguishable staphylococcal hemolysins is confusing. In the present studies,
alpha, beta and delta hemolysins were considered to represent distinct
entities.
An increased atmosphere of carbon dioxide is necessary for alpha
hemolysin production but is not for the demonstration of beta hemolysin.'
Beta hemolysin will lake sheep but not rabbit red cells, and beta hemolytic
activity is increased by incubation in the cold. Delta hemolysin is not
produced in fluid media' and thus cannot be assayed by tube hemolysin
titrations. Of the three, delta hemolysin is the only one which will
lake human red cells.
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FIG 1 Appearance of Smith compact variant (left) and OIffuse variant (right) in
)lasma soft agar.
FIG 2 Hemolysis produced by the Smith strain variants on five per cent rabbit
blood agar plates inicubated in ani atmosphere of 30 per cetIt carbonl dioxide. Note
inhibition of hemolysis by alpha hemolysin antitoxi on filter paper strip.Virulence of staphylococci I KOENIG
The hemolysins produced by the Smith strain variants were studied
by both tube and plate techniques. Quantitative hemolysin titrations were
done using a modification of previously described methods.`'5 Tryptose
phosphate broth cultures of the compact and diffuse variants were
incubated at 370 C. for 48 hours. Thirty per cent carbon dioxide in
oxygen was bubbled constantly through those used for alpha hemolysin
assay. The cultures were then centrifuged for 40 minutes at 3,000 r.p.m.,
the clear supernates removed, and serial twofold dilutions in saline were
carried out using 0.5 ml. aliquots. Fresh rabbit or sheep cells were washed
three times in saline, brought to a two per cent suspension, and 0.5 ml.
was added to the serially diluted supernate. The tubes were then immersed
in a 370 C. water bath for one hour, observed for hemolysis and left
overnight in the icebox at 40 C. for final readings. Titers were expressed
as the reciprocal of dilution in the last tube showing 50 per cent
hemolysis. Control tubes for detection of spontaneous hemolysis were
included.
Plate hemolysin patterns of the Smith strain variants were studied
by streaking swabs soaked in 18 hour beef heart infusion broth cultures
on agar plates containing five per cent human, rabbit, or sheep blood cells.
The plates were incubated at 370 C. for 48 hours in atmospheres of 30
per cent carbon dioxide or in room air. After 24 hours at 40 C. the
hemolysin patterns were observed and recorded. Alpha hemolysin pro-
duction was studied on two per cent rabbit blood plates by the method
described by Gillespie and Simpson."6 Filter paper strips soaked in alpha
hemolysin antitoxin (Medical Research Council, National Institute for
Medical Research, London), 20 units per ml., were used as a source
of standard antihemolysin.
Growth of Smith strain variants tn mouse serum and peritoneal fluid.
The growth of staphylococci in mouse serum or mouse peritoneal fluid
was determined in pooled fluids. Serum was obtained from 15 mice by
cardiac puncture. To 1.8 ml. of the mouse serum was added 0.2 ml. of a
102 dilution of an 18 hour beef heart infusion broth culture of either
variant. Tubes were incubated at 37° C., and at approporiate intervals
0.1 ml. aliquots were removed, diluted, and plated to enumerate the number
of viable staphylococci present. Similar studies were conducted using
peritoneal fluid as a growth medium. Peritoneal fluid was produced in
batches of mice by intraperitoneal injection of 1.0 ml. of a solution con-
taining 1:1 proportions of a heat killed pneumococcus type I vaccine
and sterile 0.9 per cent saline. After two hours the mice were sacrificed,
the peritoneal fluid removed, pooled, and centrifuged so that the resultant
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supernate contained no leukocytes. To 1.5 ml. of this supernate was
added 0.3 ml. of a 108 dilution of infusion broth cultures of either variant.
This mixture was incubated at 370 C. and 0.1 ml. aliquots were removed
and plated at the same time intervals employed with the serum growth
studies.
Quantitative determinations of culturable intraperitoneal staphylococcal
populations. Male Swiss albino mice weighing approximately 20 grams
were used in all experiments.* Mice were infected by intraperitoneal
injections of0.4 ml. of 18 hour trypticase soy broth cultures of either variant
containing approximately 5 x 108 viable staphylococci. Mice were killed
with ether at various time intervals during the course of the infection for
quantitative bacterial studies. The peritoneal cavity was entered under
sterile conditions and 1 ml. of sterile saline was added. After gentle
agitation, the fluid was removed through a sterile pipette and delivered
into an iced Wasserman tube. Three separate series of quantitative
bacteriologic counts were performed at each sampling period to enumerate
(a) total viable staphylococci, (b) viable extracellular staphylococci,
and (c) viable staphylococci associated with leukocytes. These deter-
minations utilized a differential contrifugation technique described by
Maaloe17 and employed with some variation in previous experiments in
this and other laboratories.8"'18
Following thorough mixing, an 0.2 ml. aliquot of the fluid removed
from the peritoneal cavity was placed in a chilled grinding tube containing
1.8 ml. of 0.9 per cent saline. The contents of the tube were ground with
a teflon tissue homogenizer, appropriately diluted in 0.9 per cent saline
and plated to determine the total number of culturable staphylococci. A
second 0.2 ml. aliquot was added to a chilled agglutination tube containing
1.8 ml. of 0.9 per cent saline. The contents of the tube were mixed and
centrifuged for five minutes at 500 r.p.m. using an International Centrifuge,
model UV, with chilled No. 142-6 centrifuge heads. Preliminary experi-
ments showed that such centrifugation sedimented all leukocytes without
significantly affecting extracellular microorganisms. Following centrifuga-
tion, the tube was carefully removed and 0.1 ml. of the upper portion
of supernatant fluid was removed, appropriately diluted, and plated to
determine the number of viable extracellular staphylococci. The supernate
was then completely decanted and the remaining leukocyte sediment was
resuspended in 2.0 ml. of 0.9 per cent saline and transferred to a chilled
grinding tube. The contents of the tube were ground, appropriately diluted
* Mice were obtained from Dublin Laboratory Animals, Dublin, Virginia.
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and plated to determine the number of staphylococci associated with the
leukocytes.
At each sampling period an aliquot of the fluid removed from the
peritoneal cavity was diluted 105 and used to seed a soft agar culture to
check the colonial morphology of the staphylococci.
In all such experiments, groups of three mice were sacrificed at each
sampling period and the results were averaged.
Study of leukocyte response during intraperitoneal infection. Mice
infected with either variant were killed at appropriate intervals, the
peritoneal cavity opened, and a small amount of peritoneal fluid was
removed for total white cell counts and cover glass smears. Total leukocyte
counts were performed utilizing standard white count pipettes, diluting
solution and a Levy-Hauser counting chamber. The cover glass smears
were stained with Wright's stain and 100 white cells were counted.
As it was not possible to differentiate various mononuclear cells, only the
number of polymorphonculear leukocytes and mononuclear leukocytes
(lymphocytes included) were enumerated. The number of leukocytes
containing staphylococci was also recorded.
Groups of two mice were sacrificed at each sampling period and the
results were averaged.
Study of intraperitoneal infection in colchicine-treated mice. Injectable
colchicine (Lilly) was diluted with sterile 0.9 per cent saline to contain
0.2 mg. per ml. Mice were injected with 0.2 ml. (0.04 mg.) of the
diluted colchicine subcutaneously in the thigh. Fifteen minutes later they
were infected with the compact variant staphylococci intraperitoneally.
Two groups of controls received colchicine subcutaneously followed by
intraperitoneal saline or saline subcutaneously followed by staphylococci
intraperitoneally.
The colchicine-treated animals receiving the compact variant were
divided into three groups. One was used to observe mortality. The second
was used to determine total peritoneal counts of viable staphylococci and
the third group was used to determine total and differential white cell
counts at intervals during infection. Simultaneous studies were carried
out in a control group of saline-pretreated mice infected intraperitoneally
with the compact variant. In all these experiments results obtained with
two animals were averaged.
Preparation of staphylococcal vaccines and immunization of mice.
Vaccines were prepared from the Smith compact and diffuse variants and
the Giorgio strain.
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Thirty beef heart infusion agar plates were heavily streaked with 18
hour beef heart infusion broth cultures of the staphylococci. After 24
hours incubation, cultures were harvested in 0.9 per cent saline and
centrifuged at 2,000 r.p.m. for 30 minutes. The supernatant fluid was
removed, the bacterial pellet resuspended in 30 ml. of 0.9 per cent saline,
and the number of microorganisms present enumerated. The bacterial cells
were washed three more times in saline, resuspended in appropriate
concentration in saline, and heated in a 600 C. water bath for two hours.
The resulting vaccines were checked for sterility prior to use. Supernates
of the vaccine demonstrated no hemolytic activity against rabbit red cell
suspensions. Various batches of vaccine contained between 1010 and 1011
staphylococci per ml.
Groups of mice were immunized intravenously with the heat killed
vaccines through a tail vein every three days for a total of five doses,
receiving 0.1 ml. of vaccine for the first three doses and 0.02 ml. for
the last two. A control group of animals were given sterile saline intra-
venously on the same dosage schedule.
From 12 to 20 days after the completion of the immunizations, the mice
were challenged with the diffuse variant intraperitoneally. Groups of
three animals were killed at appropriate intervals during the infections
for quantitative bacterial studies, while 16 mice in each group were observed
for mortality. All animals surviving the acute infection were kept at
least 28 days before the experiments were terminated.
Capsule studies. In an effort to demonstrate capsules on the Smith
strain variants several studies were performed. Both variants isolated
from the peritoneal cavities of mice and from three hour trypticase soy
broth cultures were observed under phase contrast and with india ink
preparations. Rabbit immune serum and human serum were used to
demonstrate possible capsular "swelling." Attempts to stain capsules were
performed using Alcian Blue" and the methods of Muir,' Lyons' and
Butt, et al."
EXPERIMENTAL RESULTS
Relative virulence of the diffuse and compact variants.
Striking differences in mortality were observed after the intraperitoneal
administration of the Smith strain variants. Injection of 5 x 108 or more
diffuse variant staphylococci resulted in the death of all mice between 5Y2
and 8 hours later. In contrast, the injection of similar numbers of the com-
pact variant staphylococci never killed animals so infected. If the number
542
Volume 34, June 1962Virulence of staphylococci KOENIG
of diffuse variant staphylococci injected was decreased by one log incre-
ments, the number of mice killed progressively decreased, and the interval
between injection and death increased. Mice surviving the initial 24 hours
invariably survived a 28-day period of observation. A typical experiment
is shown in Table 1.
The behavior of mice dying of the intraperitoneal diffuse variant
infection resembled that described by Smith and his colleagues in studies
with the parent Smith strain.! Within one hour the animals became
lethargic, huddled together, and the hair on their backs became ruffled and
TABLE 1. MORTALITY OF MICE INJECTED INTRAPERITONEALLY WITH
SMITH STRAIN VARIANTS
Number of
staphylo- Deaths per
cocci injected 10 mlice Times of death (range)
7.8 x 108 10 5 hrs. 45 min. to 7 hrs. 55 min.
Diffuse variant 7.8 x 10 8 7 hrs. 40 min. to 13 hrs. 25 min.
7.8 x 100 1 15 hrs.
1.0 x 109 0 All alive 28 days
Compact variant 1.0 x 10' 0 All alive 28 days
1.0 x 10 0 All alive 28 days
erect. At two hours the respirations became slower and deeper, the
animals' backs appeared humped and a peculiar concavity developed in
the buttock region. By four hours respirations were labored. Animals
moved with a waddling gait and occasionally showed partial paralysis of
the hind limbs. As death approached, respirations became irregular and
gasping and cyanosis of the nose, extremities, and tail was noted. Death
usually followed a paroxysm of increased activity and a generalized
clonic convulsion.
Mice receiving the compact variant intraperitoneally usually became
inactive for the first two hours after inoculation but appeared well by
four hours.
Biologic characteristics of the Smith strain variants.
A series of studies was conducted to determine the biologic characteristics
of the two variants.
On infusion agar or human blood agar plates both variants produced
typical staphylococcal colonies which were indistinguishable from one
another. If incubated at room temperature golden pigment was produced
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by both variants. Cultures of both variants on human blood agar plates
showed small, well defined zones of hemolysis when grown at 370 for
48 hours. When grown in beef heart infusion broth, trypticase soy broth,
tryptose phosphate broth, or brain heart infusion broth, both variants
produced typical staphylococcal turbidity.
Both variants fermented mannitol. When trypticase soy broth cultures
of either variant were placed in soft agar, a few colonies of the other
variant were noted. Both variants could be derived from a single compact
colony after several passages from soft agar to trypticase soy broth. The
SMITH COMPACT AND DIFFUSE VARIANTS
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FIG. 3. The growth of the Smith strain variants in mouse serum and peritoneal fluid.
diffuse variant so obtained was virulent for mice when given intra-
peritoneally, while the compact variant was not.
Coagulase titers of Smith strain variants.
Several determinations of coagulase using the quantitative tube method
failed to show more than a one tube difference in the titers produced
by the compact and diffuse variant. The usual titer obtained was 1:32 for
the diffuse variant and 1:16 for the compact variant.
Slide coagulase tests.
The slide coagulase test has been reported to detect a "clumping
factor" or "bound" coagulase differing from "free" coagulase as measured
in tube tests."u Several slide coagulase tests were run on different cultures
of the Smith strain variants using different sources of pooled human
S44
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plasma. The compact variant always gave a positive slide test, while the
diffuse variant consistently did not.
Hemolysin production by the Smith strain variants.
Supernates of both diffuse and compact variant cultures grown with
increased carbon dioxide were capable of lysing suspensions of rabbit
red blood cells. Culture supernates of the two variants grown without
an increased carbon dioxide atmosphere caused no hemolysis of sheep or
rabbit red blood cell suspensions at 370 C. or after overnight incubation
at 4° C. Thus both variants produced alpha hemolysin, but no beta hemo-
lysin. Identical alpha hemolysin titers of 1:64 were produced by both
variants.
TABLE 2. SOME BIOLoGIc CH}ARACTEISTICS OF THE SMITH STRAIN VARIANTS
Compact variant Diffuse variant
Growth on infusion agar Typical colonies Typical colonies
Growth in mouse serum Grows well Grows well
Growth in mouse peritoneal fluid Grows well Grows well
Tube coagulase titer 1:16 1: 32
Slide coagulase test Positive Negative
Alpha-hemolysin titer 1: 64 1:64
Beta-hemolysin Absent Absent
Delta-hemolysin Present Present
Mannitol fermentation Positive Positive
Plate hemolysin patterns substantiated the results of the tube tests.
Rabbit blood plates streaked with the compact and diffuse variants and
incubated in an atmosphere of 30 per cent carbon dioxide showed wide
zones of hemolysis. The hemolytic zone was inhibited by filter paper
strips soaked in alpha hemolysin antitoxin, indicating that most of the
hemolysis was produced by alpha hemolysin (see Fig. 2). Only a very
small zone of hemolysis was produced on sheep blood agar plates after
48 hours of incubation at 370 C. and 24 hours at 40 C. confirming the
absence of beta hemolysin. A small, well defined zone of clear hemolysis
was noted around the streaks of both compact and diffuse variants on
human blood agar plates after 48 hours incubation at 370 C. suggesting
that both produced small amounts of delta hemolysin.
Growth of Smith strain variants in mouse serum and peritoneal fluid.
As shown in Figure 3, the growth of the Smith strain variants in mouse
serum and peritoneal fluid was similar. The lower titers of compact
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staphylococci appeared related to their tendency towards minimal clumping
in both mouse serum and peritoneal fluid.
Antibiotic sensitivities of the Smith strain variants.
The sensitivities of the compact and diffuse variants to eight different
antibiotics were similar and in no case varied more than one tube. Both
were sensitive to penicillin G, and relatively sensitive to tetracycline and
streptomycin.
Tables 2 and 3 summarize the biologic properties of the Smith strain
variants and show their remarkable similarity.
TABLE 3. ANTIBIOTIC SENSITIVITIES OF THE SMITH STRAIN VARIANTS
(INHIBITORY CONCENTRATION PER ML.)
Drug Compact variant Diffuse variant
Penicillin 0.024 units 0.049 units
Erythromycin 0.195 mcg. 0.195 mcg.
Tetracycline 1.56 mcg. 1.56 mcg.
Chloramphenicol 6.25 mcg. 3.13 mcg.
Streptomycin 0.39 mcg. 0.78 mcg.
Novobiocin 0.195 mcg. 0.195 mcg.
Kanamycin 0.78 mcg. 0.78 mcg.
Vancomycin 3.13 mcg. 3.13 mcg.
The dynamics of intraperitoneal infection produced by the Smith strain
variants.
Quantitative bacterial studies performed during the course of an intra-
peritoneal infection with the compact, mouse-avirulent variant are shown
in Figure 4. As can be seen, there was a rapid decrease in the number
of viable extracellular staphylococci and an increase in the number
of microorganisms associated with the leukocytes, suggesting that rapid
phagocytosis of staphylococci was taking place within the peritoneal
cavity. After 20 minutes, virtually all of the viable staphylococci were
associated with the leukocytes, and the total number of viable micro-
organisms had declined. Mice receiving the compact variant intraperitoneally
invariably survived.
The results obtained with the diffuse, mouse-virulent variant were very
different (see Fig. 5). Total bacterial counts increased by at least one
log unit after six hours and all the mice injected consistently died
between 5½Y2 and 8 hours after the intraperitoneal injection of the staphy-
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lococci. In contrast to studies on the compact variant, most of the diffuse
variant staphylococci remained extracellular and were not phagocytosed
by the available leukocytes.
These observations were substantiated by study of differential smears
taken at various intervals during the intraperitoneal infections with each
Smith strain variant.
Such an experiment is shown in Figure 6. As can be seen, both the
total number of peritoneal leukocytes present and the cell types were
quite similar in both infections. During the first hour of the infection
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FIG. 4. The course of intraperitoneal infection with the Smith compact variant in
normal mice.
mononuclear cells predominated. Only after one hour did the polymorpho-
nuclear leukocytes appear in any number within the peritoneal cavity.
This delay in polymorphonuclear mobilization was consistently observed
in four separate experiments.
Despite the similarity of total cellular response, striking differences
in the number of leukocytes participating in phagocytosis were noted. Five
minutes after infection, many compact variant staphylococci were contained
within mononuclear cells and 60 per cent of these cells had ingested
staphylococci. In contrast, only nine per cent of the leukocytes contained
small numbers of staphylococci in the diffuse variant infection. Fifteen
minutes after infection the relationship between the leukocytes and staphy-
lococci had not changed. By two hours polymorphonuclear leukocytes
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made up the majority of the peritoneal exudate. Now few extracellular
compact variant staphylococci could be found, while peritoneal fluids from
animals with the diffuse variant infection showed numerous extracellular
microorganisms. At four and six hours polymorphonuclear leukocytes pre-
dominated and the total number of leukocytes had risen sharply. In the
compact variant infection, extracellular staphylococci had almost com-
pletely disappeared, and only a rare intracellular coccus was seen. In
the diffuse variant infection there was an enormous increase in the number
10- t~~~~~~~~~~~~~1
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FIG. 5. The course of intraperitoneal infection with the Smith diffuse variant in
normal mice.
of extracellular cocci. While most polymorphonuclear leukocytes contained
bacteria, the infection had apparently progressed to the point that active
phagocytosis was incapable of maintaining pace. These relationships may be
visualized by examination of photomicrographs in Figures 7-12.
Relationship between phagocytosis and outcome of infection.
The critical relationship between the rapidity of phagocytosis and the
outcome of acute infection was further demonstrated in two additional
experiments.
In the first series of studies, groups of ten mice were given various
numbers of diffuse or compact variant staphylococci intravenously and the
animals were observed over a 35 day period. In contrast to the intra-
peritoneal infection, acute mortality was not observed in these mice:
those that succumbed expired in from 6 to 19 days with multiple renal
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abscesses. As illustrated in Table 4, mortality in the three groups receiving
the diffuse variant intravenously did not differ significantly from that
observed in mice receiving similar numbers of the compact variant. Thus
the differences in virulence of the Smith strain variants could be eliminated
when the staphylococci were administered via the intravenous route.
DIFFUSE VARIANT COMPACT VARIANT
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FIG. 6. Staphylococcal-leukocyte interactions within the peritoneum following infec-
tion with the Smith strain variants in rnormal mice. The phagocytosis of the diffuse
variant is delayed.
There is considerable evidence to suggest that microorganisms producing
extracellular infections are often less virulent when given intravenously.2'
This may relate to the extremely efficient phagocytosis occurring in
reticuloendothelial structures.
In a second group of experiments, Fruhman's observation that colchicine
inhibited neutrophil mobilization in the rat peritoneum,2' was utilized to
decrease the number of leukocytes entering the peritoneal cavity. Pre-
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liminary experiments showed that colchicine did not affect in vitro
phagocytosis of either Smith variant by human leukocytes.
All 20 mice receiving colchicine followed by the compact variant died
between 1 hour and 15 minutes and 96 hours after infection. Seventeen
died between 7 and 15 hours. Thus the compact variant produced fatal
infection although deaths occurred somewhat later than observed with
the diffuse variant intraperitoneal infection. No deaths occurred in either
the colchicine or infection control groups over the 28-day period of the
experiment.
TABLE 4. LETHALITY OF SMITH STRAIN VARIANTS BY THE IV RouTE
(DEATHS PER GROUP OF 10 MICE)
Number of staphylococci given IV
Time of death Diffuse variant Compact variant
(Days after injection) 2.4 x 108 2.4 x107 2.4 x 108 3.8 108 3.8x107 3.8x108
6 days 3 4 2
7 days 2 1
9 days 1 1
10 days 1
15 days 1
19 days 1 1 1
6 2 1 6 3 1
Totals 9 10
Figure 13 compares total bacterial counts obtained in infected mice
pretreated with colchicine or saline. As can be seen, the number of viable
staphylococci in the saline control animals fell rapidly early in the infection,
then declined slowly. All such mice survived. In mice receiving colchicine
the number of staphylococci dropped, though to a lesser degree, early in
the infection but began to rise at six hours. Such animals died, usually
after seven hours of infection.
Although the make-up of the peritoneal exudate and the per cent of
leukocytes participating in the phagocytic process were similar in the
saline and colchicine pretreated mice, there were fewer leukocytes in the
peritoneal fluid of colchicine pretreated animals (Fig. 14). This was
especially marked in the later stages of infection where colchicine diminished
the late exudation of polymorphonuclear leukocytes. Under these circum-
stances the number of compact variant staphylococci increased and such
animals died.
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FIG. 7. Peritoneal exudlate five miniutes after infectioin witlh Snmitlh compact variaint.
Large monioniuclear cells containi many staphylococci. \Nri-ht's straini, x 1200.
FIG. 8. Peritoneal exu(date five miniutes after infectioni with Smith (liffuse variant.
Note the presence of extracellular staphylococci, and( the ahsenice of intracellular micro-
orgaanismiis. WNright's staini, x 1200.
FI(G. 9. Peritonieal exu(late two hours after infectioni with Smith compact variant.
MIany staphylococci hlave beeii ingestedl by the large mlonioniuclear cell, and( few extra-
cellular microorganiisms are seen. Wright's stain, x 1200.
FIG. 10. PeritonIeal exudate two hours after infectioin with. Smith diffuse variant.
Numerous extracellular staphylococci are seen but Ino inltracellular microorganismls
are noted. Wright's stain, x 1200.
FIG. 11. Peritoneal exudate four hours after infectioni with Smith compact variant.
Polymorphloniuclear leukocytes are present in large numiibers. Extracellular staphvlo-
cocci have clisappearedl. Wright's stain, x 1200.
FIIG. 12. Peritoineal exudate four hours after intfectioin with Smithtliffuse variant.
There has been a great increase in the numlber of staphylococci, and active phagocytosis
by many polymorphonuclear leukocytes is now appareilt. \Vright's stain, x 1200.
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Immunity to the Smith diffuse variant intraperitoneal infection.
The above observations suggested that the Smith diffuse variant
possessed some unique component not shared by the compact variant which
rendered it relatively resistant to phagocytosis. To determine whether this
component might be antigenic, a series of experiments was conducted in
immunized mice.
Vaccination with the diffuse variant vaccine protected animals from
the diffuse variant infection. In two experiments, 24 out of 32 mice or
75 per cent of those immunized survived. The modification of the intra-
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FIG. 13. Intraperitoneal bacterial populations following infection with the Smith
compact variant in colchicine and saline pretreated mice.
peritoneal infection is shown in Figure 15. A rapid fall in total bacterial
counts coupled with a swift rise in the number of intracellular micro-
organisms suggested that in this instance staphylococci were promptly
ingested by peritoneal leukocytes. Progressive killing of the usually
virulent diffuse variant staphylococci then occurred and the mice survived.
In contrast, mice immunized with the compact variant were not generally
protected from the diffuse variant infection. In this instance only four
of 16 animals or 25 per cent survived intraperitoneal challenge. As can
be seen by examination of Figure 16, relatively little intraperitoneal
phagocytosis of the diffuse variant occurred in animals vaccinated with
the compact variant. Similarly, only two out of 16 or 12.5 per cent
of mice immunized with the heterologous Giorgio strain survived the
diffuse variant infection. As noted in Figure 17, relatively little intra-
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peritoneal phagocytosis occurred in animals immunized with the Giorgio
strain. Total bacterial counts rose progressively in a manner similar
to that seen in nonimmunized animals. All control mice that received saline
died of the intraperitoneal diffuse variant infection.
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FIG. 14. Staphylococcal-leukocyte interactions within the peritoneum following
infection with the Smith compact variant in colchicine and saline pretreated mice. The
late appearance of polymorphonuclear leukocytes is abolished in colchicine-treated
animals.
Capsule studies.
Attempts to demonstrate capsules on the Smith strain variants were
inconclusive. Several india ink preparations suggested that both variants
isolated from the peritoneal cavities of mice possessed capsules. These
observations were not always reproducible and no obvious differences
between the diffuse and compact variants were noted. No capsular swelling
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could be demonstrated with immune rabbit or human serum. Results using
capsule stains were ambiguous. Additional studies are currently in progress.
The role of alpha hemolysin in the outcome of intraperitoneal infection.
Because of the rapidity of death and symptoms suggesting overwhelming
toxicity, the possibility that in vivo production of alpha hemolysin might
be the immediate cause of death was investigated.
Supernates of 48-hour and 14-day cultures of both variants incubated
at 370 C. in air did not kill mice when injected in 0.4 ml. volumes
10- --* TOTAL
0- --0 EXTRACELLULAR
6 INTRACELLULAR
9 SMITH DIFFUSE VARIANT
:E MOUSE PERITONEUM
at DIFFUSE IMMUNIZED MICE w
0S
MINUTES 20 HOURS 6 12 l 24
TIME
FIG. 15. The course of intraperitoneal infection with the Smith diffuse variant in
mice immunized with diffuse variant vaccine.
intraperitoneally. However, mice consistently died when given similar
intraperitoneal doses of 48-hour culture supernates of either the diffuse
and compact variants or the Giorgio strain grown with 30 per cent carbon
dioxide. These animals died in the same fashion as those infected with
the diffuse variant staphylococci. All such culture supernates were rich
in alpha hemolysin. Further evidence suggesting the important role of
alpha hemolysin was obtained by washing out the peritoneal cavities of
mice dying of the diffuse variant infection, and colchicine-treated mice
dying of the compact variant infection. In both instances, supernates of
the fluid obtained contained a rabbit cell lysin (presumably alpha hemolysin)
apparently produced in vivo. Peritoneal washings of mice injected intra-
peritoneally with 0.4 ml. of a heat-killed diffuse vaccine contained no
rabbit cell lysin.
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DISCUSSION
The current investigation was designed to determine why two staphy-
lococcal variants derived from a single clone produced such striking
differences in mouse mortality when administered intraperitoneally. As
the investigation proceeded it became apparent that except for the failure
of the diffuse variant to produce "bound" coagulase, both possessed
identical biologic characteristics. Both produced typical growth on varied
media. Both fermented mannitol. Both were capable of growing to similar
titers in mouse serum and peritoneal fluid. Both produced the same
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FIG. 16. The course of intraperitoneal infection with the Smith diffuse variant in
mice immunized with compact variant vaccine.
amount of "free" coagulase and alpha hemolysin and were equally sensitive
to the same antibiotics. Despite these similarities, study of the dynamics
of infection indicated that there were important differences in the fate of
the variants when injected into the peritoneal cavity.
The current study suggests that the diffuse variant has the important
biologic advantage of resisting phagocytosis by peritoneal mononuclear
cells. Compact variant staphylococci were rapidly phagocytosed and de-
stroyed by the mononuclear phagocytes while the delay in ingestion of the
diffuse variant staphylococci allowed these microorganisms to multiply
progressively. Despite vigorous phagocytosis by polymorphonuclear
leukocytes which appeared later in the infection, peritoneal populations
of diffuse staphylococci were then so large that incoming leukocytes could
554
Volume 34, June 1962Virulence of staphylococci I KOENIG
not keep pace. Thus the fate of the host was determined by the early
events within the peritoneum.
The critical role of mononuclear phagocytes early in the course of
infection is of great interest. It is generally held that polymorphonuclear
leukocytes are of prime importance in the early control of acute microbial
infection. The studies of Wood,`' Miles and Niven,' and Sheldon and
Bauer support this point of view. There is, however, evidence that
mononuclear phagocytes can play a crucial role in certain circumstances.
Experiments by Gay and Morrisont have shown that mononuclear pleural
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FIG. 17. The course of intraperitoneal infection with the Smith diffuse variant in
mice immunized with Giorgio strain vaccine.
exudates can protect rabbits from fatal streptococcal empyema while
exudates composed of polymorphonuclear leukocytes do not. The resistance
of the rabbit peritoneal cavity to streptococcal infection also appeared to
correlate with the number of macrophages found in peritoneal fluid. More
recent studies by Jenkins, Whitby, and Rowley have shown that
macrophages play a critical role in controlling various intraperitoneal
infections in the mouse.t" In the current experimental infection, mono-
nuclear phagocytes normally present in the mouse peritoneum seemed to
play a similar important role in early host defense.
The present studies suggest that alpha hemolysin was ultimately re-
sponsible for death in the diffuse variant infection. However, it was
clear that the virulence of this variant was not based on its ability to
produce alpha toxin. Indeed, the compact variant staphylococci consistently
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produced the same in vitro titers of alpha hemolysin and if allowed to
multiply in vivo in colchicine-treated mice, this variant could produce
sufficient alpha hemolysin to kill in a similar manner.
The eradication of differences in mortality when the Smith variants
were introduced via the intravenous route supports the belief that the
speed of phagocytosis determines the outcome of this infection. In this
instance, it seems probable that large numbers of reticuloendothelial
leukocytes were participating in phagocytosis and mice were thus rendered
more resistant to early death from the diffuse variant infection. Conversely,
if leukocyte mobilization was altered by colchicine and late intraperitoneal
phagocytic processes impaired, the usually avirulent compact variant could
produce fatal infection.
The present experiments indicate that the diffuse variant contains an
antigenic component which renders it resistant to phagocytosis. Mice
immunized with heat killed diffuse variant vaccines possessed a high
degree of specific immunity to subsequent intraperitoneal challenge. In
contrast, mice immunized with vaccines made from the compact variant or
the heterologous Giorgio strain did not. That the immunity produced
was antibacterial rather than antitoxic in nature is suggested by the
following facts: first, the protection afforded by vaccine correlated with
the speed and degree of intraperitoneal phagocytosis by mononuclear
phagocytes. Secondly, the Giorgio vaccine made from a strain producing
a potent alpha toxin failed to confer any appreciable immunity to the diffuse
variant infection. Finally, heat-killed vaccines which were protective showed
no hemolytic activity suggesting that any alpha hemolysin present was
inactivated in the vaccine preparation.
There has been considerable controversy regarding the role of anti-
bacterial immunity in staphylococcal disease. Several investigators have
regarded antitoxic immunity of prime importance and many attempts to
demonstrate conclusive antibacterial immunity have met with failure.
However, Forssmane`6 and more recently Stamp87 have suggested that
antibacterial immunity can play an important role in resistance to experi-
mental staphylococcal disease. The demonstration of a high degree of
specific antibacterial immunity against the Smith diffuse variant in the
present studies lends support to these views.
While we have thus far been unable to definitively demonstrate capsules
on either variant, other investigators have shown that certain strains
of staphylococci may possess capsular structures.""'-' It would, therefore,
seem logical to suggest that the phagocytosis-inhibiting antigen possessed
by the diffuse variant is contained in a capsular layer similar to that found
556
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on virulent pneumococci and streptococci. The work of several investigators
supports this thesis. Morse has isolated a phagocytosis inhibiting substance
from cultures of the parent Smith strain which he believes is a surface
component.' Stamp has recently shown that a substance can be precipitated
from the supernatant fluid of young staphylococcal cultures subjected to
gentle shaking. Rabbits immunized with this material are significantly
protected from subsequent challenge with homologous staphylococci.=
Finally, Gilbert has related the virulence of a single staphylococcal strain
to the presence of capsules in an experimental infection of guinea pigs.'
Thus, in the mouse the increased intraperitoneal virulence of the Smith
diffuse variant appears related to an antigenic, phagocytosis-inhibiting
substance not shared by the compact variant. This material may be located
near the surface of the bacterial cell and be incorporated into a capsule.
While there is evidence to suggest that the Smith diffuse variant may differ
from other pathogenic strains,' it would seem reasonable to suggest that
certain staphylococci may possess phagocytosis-resisting components which
play an important role in the initiation of progressive infection.
SUMMARY
The Smith strain of Staphylococcus aureus produces two coagulase
positive colonial variants which show a striking difference in virulence
when given intraperitoneally to mice. Injections of "diffuse" variant
staphylococci always killed mice 5Y2 to 8 hours after inoculation, while
similar numbers of the "compact" variant produced no mortality.
A study of the biologic properties of the two Smith strain variants
proved them to be very similar. Investigation of the dynamics of the
intraperitoneal infections revealed, however, that the diffuse variant was
resistant to phagocytosis by mononuclear leukocytes early in the infection.
The compact variant was readily ingested by these cells. Mice immunized
with heat-killed diffuse variant vaccine were protected from subsequent
intraperitoneal challenge and such protection could be related to the speed
and degree of ingestion of the infecting inoculum by intraperitoneal
phagocytes. The evidence indicates that the diffuse variant possesses
antigenic, phagocytosis-inhibiting components which account for its in-
creased virulence in the experimental system.
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